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The sample preparation was carried out by emulsion-based sampling, using about 200 mg of samples
(crude oil, diesel or gasoline), 125 lL of hexane (only for crude oil) and 7.5 mL of Triton X-100 (20%
v v1). The mixture was stirred manually for few seconds, submitted to ultrasound bath for 30 min,
and diluted to 25 mL with high-purity water. The combination of NbC as permanent modiﬁer to avoid
the formation of thermally stable SiC and 20 lg of Pd as co-injected chemical modiﬁer to avoid losses
of volatile silicon was mandatory for the success of the proposed method. In these conditions, the sensi-
tivity of silicon was increased around six times and the relative standard deviation was decreased around
10 times. After heating program optimization, the pyrolysis and atomization temperatures were 1300 C
and 2600 C, respectively. The limit of detection, limit of quantiﬁcation and characteristic mass were,
respectively, 2.6 lg L1, 8.6 lg L1 and 141 pg. The relative standard deviation was lower than 1% for
100 lg L1 of Si. The accuracy was checked by the analysis of oil-based Si standards and the found values
are in accordance with the reference values at 95% conﬁdence level. Addition of 30 lg L1 of Si in crude
oil, gasoline and diesel samples resulted in recoveries ranging from 95% to 111%.
 2013 Elsevier Ltd. All rights reserved.1. Introduction
Many chemical processes involving shaking of liquid like petro-
leum in separators can provoke appearance of foam due to the gas
break out. Foam in petroleum is made up of bubbles stabilized by
resins, asphaltenes and naphthenic acids that have features very
similar to surfactants. The presence of foam in the phase separators
can cause operational problems that could lead to platform shut-
down [1]. For this reason, antifoam additives are always added
during the extraction of crude oil and reﬁning processes to improve
oil recovery from the reservoir and to avoid emulsions formation,
respectively [2]. The antifoams more used are based on oligomers
containing silicon, such as polydimethylsiloxanes (PDMS), due to
their low surface tension and great initial thermal stability [3]. In
spite of the relatively high thermal stability, PDMS is degraded at
around 300 C during thermal cracking processes, resulting miscel-
laneous and more volatile compounds, such as siloxanes, cic-
losiloxanes and silanes [3–7]. The silicon compounds are
concentrated in the lighter fractions and can outcome severe prob-
lem like catalytic deactivation, as a result of the adsorption on the
catalyst surface [5]. Furthermore, the lighter fractions contami-
nated with silicon can induce problems for the automotive engines.As example, silicon in gasoline or diesel oil deposit on the engines,
reducing the power efﬁciency [6,7].
A large amount of methods for trace elements determination in
petroleum and derivatives, using different approaches and tech-
niques have been published, but only few works are dedicated to
silicon determination [8]. The conventional sample preparation
procedures for elemental determination are related to decomposi-
tion of matrix using oxidant acids or mixtures of acid and oxygen
peroxide. However, silicon species are insoluble in concentrated
acid and moderately soluble in diluted acid, resulting in a colloidal
solution. For this reason, it is recommended alkaline fusion and
sample burning followed by dissolving the ashes with water or di-
luted acids. Usually, these procedures are time consuming and
greatly increase the contamination risk, which is aggravated since
silicon is the most abundant element in the earth’s crust (28%) [9].
Taking this into account, the emulsion-based sample preparation
overcomes these drawbacks, the silicon species can be soluble in
the emulsion medium and it is a quick sample preparation
procedure.
Recently, alternative spectrochemical methods have been pro-
posed for silicon determination in different samples of oil. For
example, vegetable oils and biodiesel were diluted with xylene
and directly analyzed by High-Resolution Continuum Source Flame
Atomic Absorption Spectrometry (HR-CS FAAS). The success of this
work was achieved thanks the external calibration performed with
solutions prepared with xylene and mineral base oil for viscosity
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600 lg L1 [10]. A tungsten coil (150 W) was used to decompose
and vaporize biodiesel sample for P and Si determination by elec-
trothermal vaporization inductively coupled plasma mass spec-
trometry (ETV-ICP-MS). The obtained LOD for Si was 0.1 lg g1,
100 times lower than that obtained by ICP-MS without electrother-
mal vaporization (ETV). Despite to be a powerful method for trace
element determination, Si determination in oils by ICP-MS is chal-
lenging because of its relatively high ionization potential (8.2 eV)
and spectral interferences [11]. Direct determination of Si in gaso-
line, kerosene and diesel oil was proposed for Inductively Coupled
Plasma Optical Emission Spectrometry (ICP OES). Fourteen solvents
were tested for the samples dilution. Non-spectral interferences
caused by matrix were circumvented using a high temperature sin-
gle pass spray chamber and the injection of a sample plug into an
air carrier gas [12].
Beyond of the methods mentioned above, other important
method used for trace element determination in petroleum and
derivatives is graphite furnace atomic absorption spectrometry
(GF AAS) owing to the high sensitivity power and capability to per-
form analysis of samples with high organic content [13–18]. Nev-
ertheless, the Si determination by GF AAS presents problems
related to the formation of volatile silicon oxides, which require
careful during the pyrolysis steps [18]. To overcome this problem
in the determination of Si in naphtha by GF AAS, it was proposed
the use of lanthanum as chemical modiﬁer. The obtained LOD of
the method, based on the micro-emulsion of sample with n-propa-
nol and HNO3 was 25.6 lg L1 [19].
It was previously discussed that the atomization mechanism of
silicon in GF AAS is strongly dependent of the presence of oxygen.
Depending on the partial pressure of oxygen, the silicon atomiza-
tion can occur by SiO2 or SiC2, whereas SiC2 is thermally stable
and SiO2 unstable [20–22]. Usually the atomization temperature
attained by the commercial graphite furnace is not enough to
achieve the best atomization efﬁciency of silicon present in the
samples. In view of this problem, the use of permanent modiﬁers
has been proposed in order to avoid or minimize the contact be-
tween silicon and graphite platform surface and also to increase
the graphite tube lifetime [18]. Alternatively, the use of 5%
(v v1) CH4 mixture with argon as a gaseous modiﬁer during pyro-
lysis step was proposed to increase the sensitivity of silicon for the
determination in water [23].
Regarding the necessity to use extreme conditions for atomiza-
tion temperature and the intrinsic silicon low sensitivity, the main
objective of this work is to propose a method using niobium car-
bide (NbC) as permanent chemical modiﬁer to increase the sensi-
tivity of Si for its determination in crude oil, gasoline and diesel
by emulsion-based sampling GF AAS.2. Experimental
2.1. Reagents and samples
All solutions were prepared from analytical reagent grade
chemicals. High-purity double deionized water supplied by Milli-
Q water puriﬁcation system (Millipore, Bedford, MA, USA) was
used to prepare analytical solution and emulsion dilution.
The silicon solutions were prepared from inorganic and organic
standards. Silicon standard solution of 1000 mg L1 (SiCl4 in 14%
NaOH) from Titrisol (Merck, Darmstadt, Germany) was used. Or-
ganic standards of 100 lg g1 from Specpure JM-21 (Alfa Aesar,
Ward Hill, USA) and S-21 + Li (Conostan, Quebec, Canada) were
used to prepare reference solutions of Si-organic. Hexane and
Triton X-100 (Sigma–Aldrich, St. Louis, Missouri, USA) were usedfor emulsion preparation. Nitric acid (65% w v1) (Sigma–Aldrich)
and oxygen peroxide (Merck) were used for oil digestion.
The NbC permanent modiﬁer was obtained from 1000 mg L1
Nb (Nb2O5) (Spex, Eddison, USA) and a solution of 20 g L1
Pd(NO3)2 (Sigma–Aldrich, St. Louis, Missouri, USA) was used as
co-injected chemical modiﬁer.
Five crude oil samples provided by Petrobras Company (Rio de
Janeiro, RJ, Brazil), four gasoline samples and three diesel samples,
acquired in three different gas stations from São Paulo city were
analyzed by the proposed method.2.2. Apparatus
In this work was used a graphite furnace atomic absorption
spectrometer, SIMAA-6000 model (PerkinElmer Life and Analyti-
cal Sciences, Shelton, CT, USA), equipped with longitudinal Zee-
man-effect background corrector, Echelle optical arrangement,
standard THGA tube with integrated pyrolytically coated plat-
form, and solid-state detector. An AS-72 autosampler (PerkinEl-
mer) was used for taking and delivering the analytical solutions
from polypropylene cups to the graphite tube. Silicon hollow cath-
ode lamp (wavelength = 251.6 nm; band pass = 0.7, and lamp cur-
rent = 40 mA) of the same manufacturer was used. Argon
99.998% (v v1) (Air Liquide Brasil, São Paulo, SP, Brazil) was used
as protective and purge gas.
A ﬁeld emission Scanning Electron Microscope (SEM), Jeol mod-
el JSM 7401F, operating at an accelerating voltage of 5.0 kV was
used for the topochemical inspection of the modiﬁed platform
without and with niobium carbide modiﬁcation.
For emulsion stirring was used an ultrasound bath (50 Hz),
model 75D (VWR, New York, USA).
For the digestion of oil samples was used a microwave digestion
system, model SW4 Speedwave (Berghof Company, Germany) with
an inner carrousel consisting of 12 positions for pressure vessels
DAC-17 (volume = 17 mL; maximum pressure = 130 bar and
temperature = 300 C).2.3. Procedure
All polypropylene bottles were ﬁrst cleaned with detergent
solution, soaked in 10% (v v1) HNO3 for 24 h, rinsed with Milli-
Q water and stored into a closed polypropylene container.
The preparation of emulsions was based on the previously pub-
lished work by our group [17]. About 200 mg of the samples were
weighed directly into the polypropylene vials following the addi-
tion of 125 lL of hexane and 7.5 mL of Triton X-100 (20% v v1).
The mixture was manually agitated for few seconds and submitted
to the ultrasound bath for 30 min. Then, the emulsion was diluted
to 25 mL with high-purity double deionized water. It is important
to point out that hexane was used only for crude oil emulsion prep-
aration to improve the sample dissolution. The reagents addition
sequence (hexane, Triton X-100 and dilution with water) must
be preserved to get the stable emulsion.
The crude oil sample and oil-based standards (JM-21 and S-21)
were digested by microwave oven using the following heating pro-
gram (step/temperature/ramp/hold): 1/80 C/5 min/2 min; 2/140 C/
5 min/5 min; and 3/190 C/10 min/40 min. 100 mg of sample or or-
ganic standard were weighted directly into the digestion vessels
with addition of a mixture of 4 mL of HNO3 (65% w v1) and
2 mL of H2O2 (30% w v1). After digestion the samples were diluted
to 10 mL with high-purity deionized water.
The heating program for graphite platform coating was exe-
cuted by seven repetitive injections of 50 lL of the 1000 mg L1
of Nb stock solution. The niobium estimated mass deposited over
the graphite tube was around 350 lg [24].
Fig. 1. Scanning Electron Microscopy and Energy Dispersive X-Ray Spectrometry:
(A) graphite platform without NbC and (B) with NbC. (operation condition:
accelerating voltage: 15.0 kV; magniﬁcation of SEM: 5000).
Table 1
Heating program for Si determination by GF AAS by emulsion-based sampling.
Step Temperature
(C)
Ramp
(s)
Hold
(s)
Ar ﬂow rate
(mL min1)
Reading
Drying 1 110 10 20 250 No
Drying 2 130 5 20 250 No
Pyrolysis 1 200 10 10 250 No
Pyrolysis 2 1300 10 20 250 No
Atomization 2600 0 5 0 Yes
Cleaning 2600 1 4 250 No
Injection temperature: 30 C, Pipet speed: 100%.
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and atomization curves using reference solution (300 lg L1 of
Si) and sample emulsion (200 mg of crude oil) in 0.5% (v v1)
hexane and 6% (m v1) Triton X-100. Besides the use of NbC as
permanent chemical modiﬁer the inﬂuence of 20 lg of Pd as co-
injected chemical modiﬁer was also evaluated. For this, an aliquot
of 10 lL of the palladium solution was co-injected with 20 lL of
reference solution or sample emulsion.
The analytical calibration solutions were prepared by succes-
sive dilution of silicon standard solution, ranging from 20 to
800 lg L1 in 0.5% (v v1) hexane and 6% (m v1) Triton X-100.
The sample preparation was performed by weighing of 200 mg of
crude oil, gasoline and diesel samples into polypropylene tubes
(25 mL) with subsequent addition of 125 lL hexane (only for crude
oil) and 7.5 mL Triton X-100 (20% m v1), submitted to ultrasound
stirring for 30 min and diluted with double deionized water to
25 mL. After this, the emulsions were manually homogenized
and a volume of about 1 mL was transferred to the autosampler
cup for analyze. All measurements were based on at least three
repetitions and integrated absorbance.
3. Results and discussion
3.1. Modiﬁcation of the graphite platform with NbC
Preliminary experiments for the Si determination in petro-
chemical products, without NbC as chemical modiﬁer, showed
low sensitivity and a fast degradation of the graphite platform sur-
face, after approximately 25 heating cycles even using low concen-
tration of silicon (300 lg L1). The reason to explain this
degradation processes could be related to the sequence of reactions
between silicon and carbon [21,25]:
SiO2ðsÞ þ CðsÞ ! SiOðgÞ þ COðgÞ
SiO2ðsÞ þ COðgÞ ! SiOðgÞ þ CO2ðgÞ
SiOðgÞ þ 2CðsÞ ! SiCðsÞ þ COðgÞ
SiOðgÞ þ 3COðgÞ ! SiCðsÞ þ 2CO2ðgÞ
Since NbC was successfully used as platform modiﬁer, avoiding
reactions between matrix components and carbon of the platform
[24], we tested the same alternative for Si determination. However,
in this case the purpose was not only to protect the graphite sur-
face but also to increase the sensitivity of the method. Conse-
quently, the NbC acted also as chemical modiﬁer.
To investigate the modiﬁcation procedure efﬁciency it was per-
formed a topochemical study of the graphite platforms without
and with modiﬁcation by Scanning Electron Microscopy (SEM)
and Energy Dispersive X-Ray Spectrometry (EDS) (Fig. 1). By SEM
it is possible to observe the difference between the platform sur-
face without (Fig. 1A) and with niobium coating (Fig. 1B). Previous
studies by X-Ray diffraction of the modiﬁed platform showed the
presence of NbC as a constituent of the coating [24]. It can be con-
ﬁrmed by the signal obtained by EDS of pure carbon of the plat-
form without (Fig. 1A) and Nb from NbC with coating (Fig. 1B)
that attested the successful of the modiﬁcation.
3.2. Heating program optimization
The pyrolysis and atomization temperatures obtained for aque-
ous solution in presence of NbC as platform modiﬁer were 1300 C
and 2600 C, respectively. The pyrolysis temperature did not
change signiﬁcantly in absence or presence of 200 mg crude oil.
A pyrolysis step at low temperature (200 C) was implemented tocomplete the vaporization/decomposition of the organic matrix
[17]. High atomization temperature was mandatory to attain the
maximum efﬁciency of atomization. Even using the highest tem-
perature recommended by the spectrometer manufacturing
(2600 C), the NbC coating tolerates more than 400 heating cycles
because it is one of the most thermally stable niobium compounds
(mp 3500 C) [24]. The ﬁnal heating program is depicted in Table 1.
Although the pyrolysis temperature was not affected by surface
platform modiﬁcation with NbC, the sensibility of Si was tremen-
dously improved (Fig. 2). The absorbance signal for 100 lg L1 of
Si in different solutions with NbC (Fig. 2A–D – black color) is much
higher than that observed without NbC (Fig. 2A–D – gray color),
demonstrating the action of this compound as chemical modiﬁer.
In presence of NbC the silicon interaction with carbon is reduced
and the atomization mechanism can occur preferentially via SiO2
[22,23]. This hypothesis can be conﬁrmed when using 20 lg of
Pd as co-injected chemical modiﬁer. Palladium stabilizes silicon
oxides and species of silicon organic and increases the absorbance
signal in both conditions, without and with NbC. However, the
Fig. 2. Absorbance (continuous lines) and background signals (dashed lines) of Si in graphite platform without (gray) and with (black) NbC: (A) 100 lg L1 of Si in water; (B)
100 lg L1 of Si in water using 20 lg of Pd; (C) 100 lg L1 of Si in 0.5% (v v1) hexane +6% (m v1) Triton X-100 using 20 lg of Pd; (D) 200 mg of crude oil in 0.5% (v v1)
hexane +6% (m v1) Triton X-100 using 20 lg of Pd.
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is much higher (Fig. 2B – black color) than in absence of NbC
(Fig. 2B – gray color). When the absorbance signals for 100 lg L1
of Si in 0.5% (v v1) of hexane +6% (m v1) Triton X-100 (Fig. 2C)
and crude oil emulsion (200 mg) (Fig. 2D) are compared with the
signals showed in Fig. 2B (black color) it is possible to observe a
signiﬁcantly reduction. Even in presence of 20 lg Pd, the reduction
of signals is probably provoked by the presence of organic constit-
uents (oil, hexane and Triton X-100) in the solutions that react
with silicon to form SiC, demanding higher temperature for disso-
ciation and atomization. All absorbance and background signals
showed in Fig. 2 were obtained using the heating program of
Table 1.
To verify the performance of the NbC as chemical modiﬁer and
the absence of memory effect, 50 consecutives absorbance signal
were obtained for 300 lg L1 of Si in 0.5% (v v1) of hexane +6%
(m v1) Triton X-100 and 20 lg Pd (Fig. 3). It can be seen in this
ﬁgure the different sensitivity of silicon in presence of NbC andFig. 3. Integrated absorbance signals of 50 consecutive measurements of 300 lg L1of Si
modiﬁer and 20 lg Pd co-injected as chemical modiﬁer.absence of memory effect. Additionally, the relative standard devi-
ation of 50 consecutive absorbance signals was much better in
presence of NbC (3%) than in absence of this permanent modiﬁer
(11%).
3.3. Analytical ﬁgures of merits
The analytical characteristics of the method for silicon determi-
nation in petrochemical products are compiled in Table 2. To allow
the better comparison they were presented in aqueous solution
and 0.5% (v v1) of hexane +6% (m v1) of Triton X-100, without
and with modiﬁcation of the platform with NbC. The comparisons
of slopes (b) conﬁrm the better sensibility of silicon in presence of
NbC (six times higher) as permanent chemical modiﬁer. The limit
of detections (LOD) were estimated considering the variability of
10 consecutive measurements of deionized water and 0.5%
(v v1) of hexane +6% (m v1) of Triton X-100 as the blank solu-
tions, according to 3 sblk/b (sblk = standard deviation of the blankin 0.5% (v v1) hexane +6% (m v1) Triton X-100, using NbC as permanent chemical
Table 2
Figure of merit for Si determination.
Parameter Water 6% Triton X-100 + 0.5% hexane
Without NbC With NbC Without NbC With NbC
Slop/b 0.000139 0.000864 0.000081 0.000480
r2 0.9991 0.9999 0.9984 0.9993
LOD/lg L1 9.7 1.3 12 2.6
LOD/lg g1 0.61 0.08 0.76 0.16
LOQ/lg L1 32 4.3 40 8.6
LOQ/lg g1 2.01 0.26 2.51 0.55
m0/pg 367 74 521 141
RSD/%a 3.9 0.3 9.4 0.9
a Relative standard deviation of 100 lg L1 Si (n = 3).
Table 4
Results for the determination of Si in crude oil (O1–O5), gasoline (G1–G4) and diesel
(D1–D3) samplesa.
Sample Concentration
(lg g1)
Spikeb
(lg g1)
Concentration + spike
(lg g1)
Recovery
(%)
O1 2.19 ± 0.33 1.81 4.02 ± 0.45 100
O2 2.38 ± 0.03 1.78 3.96 ± 0.20 95
O3 1.40 ± 0.26 1.64 3.14 ± 0.62 103
O4 5.23 ± 0.38 1.72 7.68 ± 0.45 111
O5 6.75 ± 0.20 1.86 8.48 ± 0.45 99
G1 8.64 ± 0.67 1.45 10.54 ± 0.89 104
G2 8.70 ± 0.37 1.46 11.16 ± 0.83 110
G3 3.41 ± 0.91 1.88 5.59 ± 0.26 106
G4 29.31 ± 2.41 1.45 31.38 ± 0.02 102
D1 7.71 ± 0.98 1.41 9.94 ± 0.32 109
D2 6.13 ± 0.18 1.74 8.05 ± 0.40 102
D3 8.14 ± 0.89 1.67 10.35 ± 0.28 106
a Concentration ± standard deviation (n = 3).
b Inorganic Si4+.
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were estimated as 3.33  LOD. The characteristics masses of Si in
these different media were calculated from de calibration curves
and based on the integrated absorbance.
The instrumental limit of detection (LOD), limit of quantiﬁca-
tion (LOQ), and characteristic mass (m0) were, respectively,
2.6 lg L1, 8.6 lg L1 and 141 pg. The comparison of the LOD of
this work (2.6 lg L1) with others, such as that obtained in the veg-
etable oils and biodiesel analysis by HR-CS FAAS (600 lg L1) [10],
the analysis of naphtha by GF AAS using micro-emulsion sampling
(25.6 lg L1) [19] or direct analysis (15 lg L1) [18] and analysis of
biodiesel by WCETV-ICP-MS (100 lg L1) [11] shows the good re-
sult obtained in the proposed method, allowing the determination
of Si at trace level.
The analytical curve showed linear range from 20 to 800 lg L1.
The relative standard deviation was lower than 1% for 100 lg L1 of
Si.
The accuracy of the proposed method was checked by the anal-
ysis of two oil-based Si standards and a crude oil sample, using
emulsion and digestion as sample preparation. The results are pre-
sented in Table 3. The found values are in accordance to the refer-
ence values at 95% conﬁdence level (Student’s t-test). The
combination of NbC as permanent modiﬁer to avoid the formation
of thermally stable SiC and 20 lg of Pd as co-injected chemical
modiﬁer to stabilize the different species of organic silicon was
mandatory for the success of the proposed method. It is important
to point out that the standard JM-21 is composed of hydrocarbon
matrix, therefore, similar to the sample analyzed in this work.3.4. Analysis of samples
The proposed method for the silicon determination in crude oil,
gasoline and diesel by GF AAS are based on emulsion sample prep-
aration using NbC as platform permanent modiﬁer and 20 lg of Pd
as co-injected chemical modiﬁer.
The results of the determination of crude oil (O), gasoline (G)
and diesel (D) are presented in Table 4. The results showed that
gasoline and diesel contain higher concentrations of Si in compar-
ison to crude oil samples. In all samples were added 30 lg L1 of Si
that correspond a range of 1.41 to 1.88 lg g1 (averageTable 3
Determination of Si in oil-based Si standard and crude oil using emulsion and
digestion preparation.
Oil-based Si standard/
sample
Found values(lg g1) Reference
values(lg g1)
Emulsion Digestion
JM-21 103 ± 6 104 ± 2 100
S-21 100 ± 5 105 ± 6 100
Crude oil 8.80 ± 0.52 8.86 ± 0.23 –1.70 lg g1). The excellent recoveries (95–111%) attested the ab-
sence of interferences over the Si determination in these samples.
4. Conclusions
The sample preparation emulsion-based was very fast and sim-
ple and did not present any problem as homogeneity during the
analysis. The use of NbC as permanent modiﬁer and palladium as
co-injected modiﬁer for silicon determination in crude oil, diesel
and gasoline showed quite satisfactory. The sensitivity was in-
creased around six times and the relative standard deviation was
decreased around 10 times. The lifetime of the graphite tube in-
creased from 100 to more than 400 ﬁrings, when using the NbC
as permanent chemical modiﬁer. Additionally, the combination
of NbC and Pd as chemical modiﬁers was fundamental for the suc-
cesses of the method and allowed the accurate quantiﬁcation of to-
tal silicon in samples with different species of Si.
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